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ABSTRACT  
High pressure anion chemical ionization is commonly used for the detection of neutral molecules 
in the gas phase. The detection efficiency in these measurements depends on how strongly the 
reagent ion binds to the neutral target molecule. We have calculated the binding strength of 
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nitrate (NO3
–), acetate (CH3C(O)O
–), lactate (CH3CH(OH)C(O)O
–), trifluoroacetate (CF3C(O)O
–
), trifluoromethanolate (CF3O
–), bromide (Br–) and iodide (I–) reagent ions to ten different 
products derived from the OH radical initiated oxidation of butadiene. We found that the binding 
of these oxidation products to the reagent ions depends almost linearly on the number of oxygen 
atoms in the target molecule, with the precise chemical identity of the compound (e.g. the 
number and relative position of hydroxyl or hydroperoxy groups) playing a more minor role. For 
acetate, the formation free energy decreases on average by around 4 kcal/mol when the number 
of oxygen atoms in the sample molecule increases by one. For the other reagent ions the 
corresponding decrease is around 3 kcal/mol. For all of the molecules studied, acetate forms the 
most stable clusters and I– the least stable. We also investigated the effect of humidity on the 
chemical ionization by calculating how strongly water molecules bind to both the reagent ions 
and the ion-molecule clusters. Water binds much more strongly to the reagent ion monomers 
compared to the reagent ion “dimers” (defined here as a cluster of the reagent anion with the 
corresponding neutral conjugate acid, e.g. HNO3(NO3
–)) or the ion-molecule clusters. This likely 
leads to a stronger humidity dependence when using reagent ions that are not able to form 
reagent ion dimers (such as CF3C(O)O
–, CF3O
–, Br– and I–). 
INTRODUCTION 
Chemical ionization combined with various types of mass spectrometers (CIMS) is a versatile 
tool for investigating atmospheric gas-phase reaction mechanisms and trace gas concentrations. 
The main limitation of the CIMS technique is that neutral gas-phase molecules can only be 
detected if they are ionized by the reagent ion. A large uncertainty in interpreting the quantitative 
results of chemical ionization measurements arises from the limited understanding of the 
chemical ionization process. Using the same instrument with different reagent ions for the 
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chemical ionization has shown that the detection efficiency depends on both the reagent ion and 
the measured sample molecule.1,2,3  
Figure 1 shows a schematic of the different processes in chemical ionization. The reagent ions 
(Q–) can ionize the sample molecules (RH) by forming ion-molecule clusters (RH(Q–)): 
 +	 → ()         (R1) 
In experimental conditions, some reagent ions are able to form stable reagent ion dimers (QH(Q–
)) or hydrates ((H2O)n(Q
–)), shown in green in Figure 1. Then the chemical ionization happens 
through a ligand exchange reaction: 
 +	() →  + ()        (R2) 
 +	(
)(
) → 
 + (
)       (R3) 
For instance using nitrate (NO3
–) and acetate (CH3C(O)O
–), the reagent ion dimer plays a 
significant role in the chemical ionization of the sample molecules,1,3,4 while using 
trifluoromethanolate (CF3O
–) and iodide (I–), reagent ion hydrates with up to four water 
molecules are usually detected.5,6 The H2O(CF3O
–) monohydrate is detected even at low relative 
humidities, affecting the detection efficiencies.7 Acetate can be produced from either acetic 
anhydride8,9 or acetic acid,1 and acetic acid–acetate dimers (CH3C(O)OH(CH3C(O)O
–)) can be 
detected in both types of measurements. 
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Figure 1. The different processes occurring in the ion-molecule reaction (IMR) region and the 
ion optics of chemical ionization instruments. The cluster and ions marked in red can be detected 
by the mass spectrometer. 
With some combinations of reagent ions and sample molecules, reagent ions are able to ionize 
the sample molecule via specific chemical reactions. For instance, nitrate and acetate are able to 
deprotonate (R4) sulfuric acid and various acidic organic compounds, respectively, H2O(I
–) is 
able to dehydroxylate peroxy acids (R5),10,11 and CF3O
– is able to ionize some sample molecules 
via a fluoride transfer reaction (R6)12: 
 +	 → 	 +          (R4) 
() + 
(
) → 	 + 
 + ()
     (R5) 
 + 
 → 
 + (
)        (R6) 
Nitrate has been used in measurements of autoxidation intermediates and products of 
monoterpenes2 and sesquiterpenes13 after it was noticed to be selective toward highly oxidized 
multifunctional compounds (HOMs) containing multiple hydrogen bonding functional groups.14 
These recently discovered compounds, which likely contain multiple hydroperoxide or peroxy 
acid groups, may play a key role in the formation of secondary organic aerosol (SOA).14,15 In 
addition, nitrate is the conjugate base of a strong acid, and can thus deprotonate only species that 
are stronger gas-phase acids than nitric acid, i.e. sulfuric acid and a very limited number of other 
compounds such as malonic acid.16 These two features makes nitrate an ideal reagent ion for 
selectively measuring highly oxidized multifunctional compounds as nitrate clusters. Acetate has 
been used to measure for instance formic acid,17 carboxylic acids18 atmospherically relevant 
inorganic acids19 and α-pinene SOA constituents,20 as deprotonation products. Recently, acetate 
has also been used to detect HOMs as both clusters and deprotonation products.1,2,3,21 In addition, 
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lactate (CH3CH(OH)C(O)O
–)2,3 and pyruvate (CH3C(O)C(O)O
–)2 have been used to investigate 
the differences in the detection efficiencies of nitrate, acetate, lactate and pyruvate. The detection 
efficiency of highly oxidized O3 or OH-initiated oxidation products is similar with both nitrate
 
and acetate,1,2,3 but there is a clear difference in detection efficiencies of less oxidized molecules, 
indicating that nitrate is generally only able to ionize highly oxidized species. Measurements of 
the intermediates of OH-initiated α-pinene oxidation indicate only small differences in detection 
efficiencies between acetate, lactate and pyruvate.2 Measurements of OH-initiated oxidation 
products of isoprene show that acetate and lactate have similar detection efficiencies, but nitrate 
has a much lower detection efficiency even for a sample molecule that contains two hydroxy and 
two hydroperoxy groups.3 
Other reagent anions that have been used in atmospheric CIMS applications include CF3O
–, 
Br– and I–. CF3O
– measurements of, for instance, inorganic acids,12 carboxylic acids,22 
hydroperoxides5 and hydroxynitrates23 have shown that, for strong inorganic acids, the primary 
ionization mechanism with CF3O
– is generally fluoride transfer (R6),12 though some molecules 
may be detected as both fluoride transfer products and clusters. With weak acids, CF3O
– forms 
clusters, but the clustering efficiency depends on the relative humidity.5 I– has mostly been used 
in the measurements of small inorganic and organic molecules, such as HO2,
6 HO2NO2
24 and 
formic acid,25 and more recently also highly oxidized SOA constituents.26,27 Br– was recently 
used for the detection of the HO2 radical.
28 
Chemical ionization processes have been studied by computing the formation free energies and 
binding enthalpies of the ion-molecule clusters.2,29,30,31 A comparison between experimental 
work and calculations has shown that the binding enthalpies of I– clusters correlate well with the 
detection efficiencies of a CIMS instrument.30,32 The enthalpies were found to be better than free 
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energies for modeling the sensitivity of the instrument toward molecules forming weakly bound 
ion-molecule clusters which likely undergo non-thermal fragmentation reactions in the low 
pressure regions of a mass spectrometer (e.g. the ion optics, see Figure 1).30 However, Gibbs free 
energies can be used to model the chemical ionization reactions occurring under sufficiently high  
pressure in the ion-molecule reaction (IMR) region of the instrument, where the clusters are 
efficiently collisionally stabilized by collisions with carrier gas molecules, provided that the total 
number of atoms in the reagent ion – sample molecule cluster is more than about 8.33 (Clusters 
with fewer atoms may dissociate before collisional stabilization even at high pressures, due to 
their low number of vibrational modes).  
The formation free energies of ion-molecule clusters have revealed that acetate forms more 
stable clusters than nitrate with neutral molecules containing peroxy acid,31 hydroxy, 
hydroperoxy and carboxylic acid groups.2 The binding of the nitrate and acetate clusters of 
intermediates and products of cyclohexene oxidation31 is much stronger than 25 kcal/mol, which 
is the binding strength predicted by Iyer et al.30 to correspond to the maximum sensitivity (i.e. 
the highest measured cps/pptv of the instrument) of an iodide based CIMS. While the precise 
value of this limiting binding enthalpy is instrument-dependent, this nevertheless makes it likely 
that the fragmentation of such clusters in the typical CIMS instruments (that do not use 
collisional dissociation chambers (CDC) to break apart the weakly bound ion-molecule 
clusters17,28) should not significantly affect the detection efficiency. Comparing computational 
results31 with CIMS measurements1 on molecules forming strongly bound ion-molecule clusters 
indicates that the detection efficiency of the sample molecules is low when the ligand exchange 
reaction with the reagent ion dimer is unfavorable, and high when it is favorable. 
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There are thus two different regimes that determine the main parameter affecting the detection 
efficiency of CIMS instruments: a kinetic regime and a thermodynamic regime. In the kinetic 
regime, the thermal dissociation rate of the clusters is much slower than their formation rate. 
This regime applies to sample molecules that form stable clusters with the reagent ions, and 
which have clearly favorable ligand exchange reactions with possible reagent ion clusters (e.g. 
dimers or hydrates). In the absence of non-thermal fragmentation, the concentration of the ion-
molecule clusters mainly depends on the rate of collisions between the sample molecules and the 
reagent ions. Additionally, the collision rates play a larger role in the detection efficiencies if the 
CIMS instrument is operated as a drift tube (short interaction times) and not near the equilibrium 
limit like most nitrate and I– instruments. The collision rates can be estimated from the 
conformationally weighted dipole moments and polarizabilities of the molecules and reagent 
ions.34 The calculated collision rates of various atmospherically relevant organic sample 
molecules have been found to be within a factor of two of each other,30 indicating that the 
detection efficiencies of molecules forming strongly bound clusters with the reagent ions should 
be quite similar (though the mass-dependent ion transmission efficiency of the instrument may 
naturally also affect the detection32,35). If the ion-molecule clusters are weakly bound, the 
thermal dissociation rate of the clusters is comparable to, or higher than, the formation rate of the 
clusters. In this thermodynamic regime, the effect of the collision rates on the detection 
efficiency of the instrument is smaller, because of the larger effect from the dissociation. Due to 
differences in dissociation, ligand exchange and fragmentation rates, detection efficiencies in the 
thermodynamic regime can vary by many orders of magnitude. Based on the model created by 
Iyer et al,30 already small differences in the cluster stabilities have a large effect on the detection 
efficiency when the binding enthalpy of the cluster is below 25 kcal/mol. 
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Our goal in this study is to compare seven negative reagent ions that are commonly used 
(nitrate (NO3
–), acetate (CH3C(O)O
–), lactate (CH3CH(OH)C(O)O
–), trifluoromethanolate 
(CF3O
–) and iodide (I–)) or could potentially be used (trifluoroacetate (CF3C(O)O
–) and bromide 
(Br–)) in the gas-phase detection of oxidized organic compounds. In addition to computing the 
ion-molecule cluster stabilities, we investigate two known chemical reactions of these reagent 
ions, deprotonation with acetate and fluoride transfer with CF3O
–. Additionally, we calculate the 
formation free energies and enthalpies of all the reagent ion hydrates, (H2O)n(Q
–) with n = 1, 2, 
and 3, as well as selected hydrated ion-molecule clusters, to investigate the humidity dependence 
of each reagent ion.  
Previously, chemical ionization with different reagent ions has been used in many studies for 
the detection of isoprene oxidation products.3,36,37,38,39,40,41,42,43,44 The oxidation of butadiene and 
isoprene yield similar products,44 while the butadiene products are computationally less 
demanding. For this reason, we use as sample molecules several possible OH-initiated oxidation 
products of butadiene containing hydroxy, hydroperoxy, carbonyl and epoxy groups, which are 
typical moieties in the products of atmospheric oxidation of alkenes. In addition we chose three 
other molecules containing hydroxyl groups: glucic acid, a nitrobutanol and a nitrophenol, which 
could potentially be used in the calibration of chemical ionization instruments. The sample 
molecules used in this study are shown in Figure 2. 
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Figure 2. The sample molecules of this study. 
COMPUTATIONAL METHODS 
We calculated the chemical ionization reaction energies as the energy difference between the 
free molecules and the products, i.e. clusters, or deprotonation (R4) and fluoride transfer (R6) 
products. In our calculations we use the lowest free energy conformers of the molecules and 
clusters. To obtain the lowest energy conformers, we performed a systematic conformer search 
similar to our previous studies.4,29,31 The initial conformer search was done with the Spartan 
’1445 program using the molecular mechanics MMFF method and a systematic conformer 
sampling algorithm. Single-point energies were calculated at the B3LYP/6-31+G* level of 
theory and all conformers within 5 kcal/mol of the lowest electronic energy conformer were used 
in the following geometry optimization at the same level using Gaussian 09.46 The final 
geometry optimization and frequencies at the ωB97xD/aug-cc-pVTZ level of theory (aug-cc-
pVTZ-PP47,48,49 basis set for Br and I) for conformers within 2 kcal/mol from the lowest B3LYP 
electronic energy conformer (with the ultrafine integration grid) were also calculated using 
Gaussian 09.  
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For the final single-point electronic energies we tested three different coupled cluster 
approaches: 
• DLPNOdefault := DLPNO-CCSD(T)
50,51/def2-QZVPP52 with the corresponding auxiliary 
basis set and default truncation parameters implemented in ORCA53 versions 3.0.1 and 
3.0.3. 
• DLPNOtight := DLPNO-CCSD(T)/def2-QZVPP with tighter truncation parameters 
TCutPNO = 10
-7, TCutPairs = 10
-5 and TCutMKN = 10
-4,30 and additional effective core 
potentials54 (def2-SD, def2-QZVPP and def2-QZVPP/C). Additionally in the I– cluster 
calculations, we used the frozen core method with the default cutoff values of the 
energy window (EMin = -3 Ha and EMax = 1000 Ha).  
• F12 := ROHF-ROCCSD(T)-F12a/VDZ-F12 level of theory (VDZ-PP-F1255 basis set 
for Br and I) using Molpro version 2015.156 with gem_beta=0.9.57 
To compare the different coupled cluster methods, we selected one of the small sample 
molecules, isomer (2) of C4H8O3, and calculated the energy corrections to the formation energies 
of all ion-molecule clusters, the deprotonation energy with acetate, and the fluoride transfer 
energy with CF3O
–. The comparison of the different coupled cluster calculations can be found in 
Section S1 and Table S1 of the SI. Because of the high computational cost of the F12 
calculations and the accuracy of the DLPNOtight method compared to the more accurate F12 
method, we chose to use the DLPNOtight method to calculate the final single point electronic 
energies for the full set of the studied systems.  
The conformer search of the clusters was done without any constraints between the sample 
molecule and the reagent ion, but other sampling methods were also tested (see Section S2, 
Figure S1 and Table S2 in the SI for details). In the unconstrained conformer search, Spartan ‘14 
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does a conformer sampling (rotating over all dihedral bonds) of the sample molecule while not 
moving the reagent ion (which usually has only one unique conformer). The unconstrained 
conformer search is likely to be more reliable for the smaller and symmetrical reagent ions, 
because the reagent ion is able to form hydrogen bond from all angles equally well, and the 
orientation of the reagent ion has less effect on the sampling. The lowest-energy conformer 
might be missed if the orientation of the reagent ion is not optimal, and the reagent ion is not able 
to form hydrogen bonds with the sample molecule. Fortunately, the sample molecules form 
lowest free energy clusters with similar geometries with different reagent ions.31 Visually 
comparing the lowest free energy cluster conformers of different reagent ions can help locate 
lowest free energy cluster conformers that might be missed in the conformer search. For the 
hydrated CF3O
– ion-molecule clusters, rotation around the O-H bonds in the water molecules 
were enabled to sample more of the conformational space. The reagent ion hydrate conformers 
were found by manually placing water molecules around the reagent ions. While this method is 
not systematic, the conformational search algorithm in Spartan ’14 is not suitable for conformer 
sampling if none of the separate molecules in the cluster have torsional angles to rotate around. 
The MMFF method in Spartan ’14 is not able to form hydrogen bonds with I– without using a 
constrained conformer sampling. In addition, the 6-31+G* basis set used in the first single-point 
energy calculations and the geometry optimizations is not available for I. For these reasons, 
instead of doing a separate conformer sampling of the I– clusters, we substituted the Br– in the 
B3LYP optimized Br– clusters by I–, and used these geometries as input for the higher level 
ωB97xD geometry optimizations and frequency calculations. Fortunately, the hydrogen bond 
lengths in the optimized Br– and I– clusters are similar (<0.3 Å difference), so the change in the 
geometries should lead to only small differences in the relative energies of the conformers. 
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However, slightly higher cut-offs were used for the I– cluster calculations, 6 kcal/mol and 3 
kcal/mol before the first and second geometry optimization, respectively. 
RESULTS AND DISCUSSION 
CLUSTER STABILITIES 
Figure 3 illustrates how the formation free energies (and the formation enthalpies, in Figure S2 
of the SI) of the clusters depend almost linearly on the number of oxygen atoms in the sample 
molecule. The number of hydrogen bonding functional groups or the type of the functional 
groups does not seem to significantly affect the cluster stability of these butadiene oxidation 
products, which all have two or more hydroxy and/or hydroperoxy functional groups.  
 
Figure 3. The formation free energies (∆G) of the butadiene oxidation product clusters as a 
function of the number of oxygen atoms in the sample molecule, calculated at the DLPNO-
2 3 4 5 6
-35
-30
-25
-20
-15
*
 NO
3
-
 CH
3
C(O)O
-
 CH
3
CH(OH)C(O)O
-
 CF
3
C(O)O
-
 CF
3
O
-
 Br
-
 I
-
Reagent ion dimers
 HNO
3
(NO
3
-
)
 CH
3
C(O)OH(CH
3
C(O)O
-
)
 CH
3
CH(OH)C(O)OH
 (CH
3
CH(OH)C(O)O
-
)F
o
rm
a
ti
o
n
 f
re
e
 e
n
e
rg
y
 (
k
c
a
l/
m
o
l)
Number of oxygen
*
Page 12 of 38
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 13
CCSD(T)/def2-QZVPP//ωB97xD/aug-cc-pVTZ level of theory (at 298.15 K and 1 atm reference 
pressure). The dotted lines indicate the formation free energies of the reagent ion dimers. *The 
values are the averages of the different isomers of the sample molecules. 
For all of the sample molecules, the binding is weakest with I– and strongest with acetate. The 
formation free energies of the nitrate, CF3C(O)O
– and CF3O
– clusters are similar, but due to the 
strong binding of the nitric acid–nitrate dimer (HNO3(NO3
–)), only the sample molecules with 
five and six oxygen atoms are efficiently chemically ionized with nitrate. Lactate and Br– 
clusters are less stable than the acetate clusters, but more stable than the nitrate, CF3C(O)O
– and 
CF3O
– clusters. All of the formation free energies (∆G) and enthalpies (∆H) at the DLPNO-
CCSD(T)/def2-QZVPP//ωB97xD/aug-cc-pVTZ level of theory are shown in Tables S3 and S4 in 
the SI. 
Five of our butadiene oxidation products are different isomers of C4H8O3. Also, the two 
C4H10O4 products are stereoisomers. For each reagent ion, the formation free energies of these 
isomer clusters are within 3 kcal/mol of each other. This is slightly less than the average change 
in the formation free energy caused by the addition (or removal) of one oxygen atom in the 
sample molecule. The differences in the cluster formation free energies between the different 
stereoisomers are likely caused by the distance between the hydrogen bonding groups in the 
sample molecule. If the hydrogen bonding groups of the sample molecule are not able to form 
intramolecular hydrogen bonds, the energy of the free molecule is relatively higher, making the 
clustering more favorable. This is true for instance for isomer (4) of C4H8O3, where the two 
hydrogen bonding functional groups are on the opposite sides of a double bond in the carbon 
frame, compared to isomer (5) where the functional groups are on the same side of the double 
bond (Figure 4a and 4b, respectively). For isomer (b) of C4H10O4, only three of the four hydroxy 
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groups are able to form intramolecular hydrogen bonds (Figure 4c), compared to isomer (a) 
where all of the four hydroxy groups are able to form intramolecular hydrogen bonds (Figure 
4d). In contrast, if the sample molecule is not able to easily form two intermolecular hydrogen 
bonds to the reagent ion, and is also unable to form intramolecular hydrogen bonds with the 
remaining hydrogen bond donor groups while clustered to the reagent ion, the energy of the ion-
molecule cluster is relatively higher, making the clustering less favorable. One example of this is 
isomer (3) of C4H8O3 where the distance between the two hydroxy groups is longer than that in 
isomer (2) (Figure 5a and 5b, respectively). 
b)a)
c) d)
 
Figure 4. The lowest free energy conformers of a) isomer (4) of C4H8O3, b) isomer (5) of 
C4H8O3, c) isomer (b) of C4H10O4, d) isomer (a) of C4H10O4. Color coding: gray = carbon, red = 
oxygen and white = hydrogen. 
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b)a)
 
Figure 5. The lowest free energy conformers of the CF3O
– clusters of a) isomer (3) of C4H8O3 
and b) isomer (2) of C4H8O3. Color coding: gray = carbon, red = oxygen, white = hydrogen and 
green = fluorine. 
Most of the sample molecules form lowest free energy clusters with similar geometries with all 
of the reagent ions (see Table S5 in the SI). However, there are some differences in the lowest 
free energy conformers due to the size of the reagent ions and the length of the hydrogen bonds 
between the reagent ion and the sample molecule. For instance, CF3O
– has only one efficient 
hydrogen bond acceptor atom (O), similar to Br– and I–, but the length of the hydrogen bonds 
between the sample molecules and CF3O
– are significantly shorter than the hydrogen bond 
lengths formed by Br– and I–. In sample molecules where the distance between the hydrogen 
bonding groups is longer, the lowest free energy CF3O
– cluster can be different from the lowest 
free energy clusters with other reagent ions. For the fluoride transfer reactions, we also computed 
the F– clusters, and some of these have different lowest free energy geometries compared to the 
Br– and I– clusters. Likely due to the high electronegativity of F, in some cases the F– cluster with 
three intermolecular hydrogen bonds is energetically more favorable than a cluster with only two 
intermolecular hydrogen bonds between the sample molecule and the reagent ion. Figure 4d 
shows an example of a sample molecule that forms different lowest free energy cluster 
conformers with some of the reagent ions. All except two of the ions form a similar cluster 
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structure (with the nitrate cluster as an example in Figure 6a), while the clusters with CF3O
– 
(Figure 6b) and F– (Figure 6c) are different. 
a) b) c)
 
Figure 6. The lowest free energy conformers of the clusters of isomer (a) of C4H10O4 with a) 
NO3
–, b) CF3O
– and c) F–. The lowest free energy conformer of the free C4H10O4 molecule is 
shown in Figure 4d. Color coding: gray = carbon, red = oxygen, white = hydrogen, blue = 
nitrogen and green = fluorine. 
COMPARISON WITH ISOPRENE OXIDATION PRODUCTS 
Many of the reagent ions studied here have been used in chemical ionization measurements of 
OH initiated oxidation products of isoprene.3,36,37,38,39,41,42,44 Based on the results shown in Figure 
2, the formation free energies of the clusters of a certain reagent ions with species originating 
from different OH oxidation pathways of the same parent alkene primarily depends on the 
number of oxygen atoms in the sample molecule. To assess the difference between the chemical 
ionization of isoprene and butadiene oxidation products, we have also compared the formation 
free energies of the ion-molecule clusters of selected butadiene oxidation products with the 
corresponding ion-molecule clusters of isoprene oxidation products (see Section S3 and Figure 
S3 in the SI). The formation free energies of the calculated isoprene oxidation product clusters 
are within 1.5 kcal/mol of the corresponding butadiene oxidation product clusters. We can thus 
compare the measurements of isoprene oxidation products with our calculated formation 
energies of the butadiene oxidation products. 
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Berndt et al.3 compared the detection efficiencies of three different reagent ions, nitrate, acetate 
and lactate, in the measurements of OH-initiated oxidation products of isoprene. The C4H8O5 and 
C4H10O6 products (Figure 7a and 7b) derived from butadiene oxidation have equivalent 
functional groups to the proposed C5H10O5 and C5H12O6 products derived from isoprene 
oxidation (Figure 7c and 7d), respectively. Berndt et al.3 also detected C5H12O4 in their 
measurements but the proposed structure of the molecule has two hydroxy groups and a 
hydroperoxy group, as opposed to the four hydroxy groups in both of our C4H10O4 isomers. The 
measurements3 indicate that for all three structures, acetate has the highest detection efficiency, 
nitrate has the lowest and lactate is between the two. 
 
Figure 7. Structures of the studied highly oxidized butadiene products, a) C4H8O5 and b) 
C4H10O6, and the highly oxidized isoprene products c) C5H10O5 and d) C5H12O6 proposed by 
Berndt et al.3 
Assuming that in the measurements the sample molecules are ionized by collisions with 
reagent ion dimers, we can calculate the ligand exchange probabilities by calculating the 
probability () of the RH·QH(Q–) → QH + RH(Q–) pathway, as opposed to RH·QH(Q–) → RH + 
QH(Q–), using 
 =

∆()/

∆()/
∆()/
,        (1) 
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where 
 !("–)
 and 
"!("–)
 are the formation free energies of clusters RH(Q–) and QH(Q–), 
respectively, R is the gas constant and T is temperature. The formation free energies relative to 
the reagent ion dimers, and the fragmentation probabilities of the butadiene oxidation products, 
at 298.15 K, are shown in Table 1.  
Table 1. Gibbs Free Energies of the Ligand Exchange Reactions (∆∆G in kcal/mol) RH + QH(Q–
) → QH + RH(Q–) and the Probabilities (p) of the Dissociation Path RH·QH(Q–) → QH + 
RH(Q–) of the Butadiene Oxidation Products, at 298.15 K and 1 atm 
Reagent ion NO3
– CH3C(O)O
– CH3CH(OH)C(O)O
– 
Sample molecule ∆∆G p ∆∆G p ∆∆G p 
C4H8O2 7.98 0.00 -0.84 0.80 4.97 0.00 
C4H8O3* 5.46 0.00 -4.41 0.99-1.00 1.29 0.03-0.35 
C4H10O4* 1.30 0.02-0.38 -9.86 1.00 -3.19 0.97-1.00 
C4H8O5 -0.81 0.80 -12.76 1.00 -5.61 1.00 
C4H10O6 -3.16 1.00 -17.11 1.00 -8.36 1.00 
* The Gibbs free energies (∆∆G) are averages of the different isomers and the probabilities (p) 
are given as an interval if the probability is not same for all isomers. 
The ligand exchange between the lactic acid–lactate dimer 
(CH3CH(OH)C(O)OH(CH3CH(OH)C(O)O
–)) and the different isomers of C4H8O3 is unfavorable 
on average by 1.29 kcal/mol in free energy, with ligand exchange probabilities of 0.03, 0.26, 
0.06, 0.35 and 0.05 for isomers (1) – (5) of C4H8O3, respectively. Similarly with nitrate, the 
ligand exchange between the nitric acid–nitrate dimer and the two C4H10O4 isomers is 
unfavorable by on average 1.30 kcal/mol, leading to ligand exchange probabilities of 0.02 and 
0.38 for isomers (a) and (b), respectively. Assuming that the C5H12O4(NO3
–) cluster has a 
formation free energy similar to the C4H10O4(NO3
–) cluster, C5H12O4 likely has a low ligand 
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exchange probability, which would explain why it was not detected using nitrate.3 For sample 
molecules with five or more oxygen atoms, the detection efficiency with lactate was found to be 
similar to acetate.3 Taking into account the possible differences in the binding of the isoprene 
and butadiene oxidation products, and the different isomers, our calculations agree well with 
measurements3 of the isoprene oxidation products. 
REAGENT ION HYDRATES 
The formation free energies of the reagent ion hydrates were calculated with up to three water 
molecules (Table 2). The binding of the first water molecule to the reagent ions is the strongest 
and the binding strength of the additional water molecules is for all reagent ions significantly 
weaker. The order of the formation free energies of the reagent ion hydrates is similar to that of 
the reagent ion – sample molecule clusters. Measured literature values of the formation free 
energies are also given in Table 2. The calculated formation free energies of the monohydrates 
are very close to the measured values, but the calculations systematically under-estimate the 
stability of the di- and trihydrates compared to the measurements. 
We also calculated the formation free energies of the reagent ion dimer monohydrates 
(H2O·QH(Q
–)) for the reagent ions that form dimers, i.e. Q– = NO3
–, CH3C(O)O
– and 
CH3CH(OH)C(O)O
–. Water molecules bind weakly to the reagent ion dimers, indicating that the 
humidity dependence using these three reagent ions should be lower than using the reagent ions 
that are not able to form dimers. Water binds more strongly to the acetic acid–acetate dimer than 
to the other two reagent ion dimers, which could lead to higher humidity dependence in the 
acetate measurements than in the nitrate and lactate measurements. 
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Table 2. Formation Free Energies (∆G in kcal/mol) of the Reagent Ion Hydrates (at 298.15 K 
and 1 atm Reference Pressure) Calculated at the DLPNO-CCSD(T)/def2-QZVPP//ωB97xD/aug-
cc-pVTZ Level of Theory. Experimental Literature Values in Brackets.  
 Reagent ion 
monomer + H2O 
Monohydrate + 
H2O 
Dihydrate + H2O 
Reagent ion 
dimer + H2O 
NO3
– -7.41 (-7.1)a -3.94 (-5.2)a -1.78 (-3.9)a -1.45 
CH3C(O)O
–
 -9.14 (-9.4)
a -4.66 (-6.8)a -5.03 (-5.2)a -3.82 
CH3CH(OH)C(O)O
– -7.22 (-7.7)a -3.97 (-5.3)a -1.66 -1.60 
CF3C(O)O
– -6.32 (-6.8)a -3.14 (-4.7)a -1.73 - 
CF3O
– -6.76 (-6.7)b -3.32 -1.75 - 
Br– -7.51 (-7.3)c -3.84 (-6.2)c -3.08 (-4.7)c - 
I– -5.55 (-5.7)c -2.11 (-4.3)c -1.51 (-3.1)c - 
a ∆G at 293 K and 1 atm.58 b ∆G at 298.15 K and 1 atm.7 c ∆G at 298.15 K and 1 atm.59 
We additionally investigated the monohydrates of the reagent ion – sample molecule clusters 
of the two strongest binding reagent ions, acetate and Br–. As sample molecules, we selected four 
butadiene oxidation products with different number of oxygen atoms to see whether the number 
of oxygen atoms significantly affects the humidity dependence in the measurements. The binding 
of the sample molecule to the reagent ion monohydrate is weaker than to the reagent ion 
monomer. Also, the water molecule binds to the ion-molecule cluster with less than 3 kcal/mol 
free energy for both of these reagent ions (Table 3), which is a weaker binding than to free Br– or 
to the acetate monomer or dimer. Any water molecules binding with the ion-molecule cluster are 
thus likely to fragment from the cluster, even with these strongly binding reagent ions. Based on 
these results, the addition of oxygen atoms to the sample molecule does not significantly affect 
the hydration of the ion-molecule clusters. 
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Table 3. The Formation Free Energies of Acetate and Br– Ion-Molecule Monohydrate Clusters in 
kcal/mol, Calculated at the DLPNO-CCSD(T)/def2-QZVPP//ωB97xD/aug-cc-pVTZ Level of 
Theory 
 RH(CH3C(O)O
–) + H2O RH(Br
–) + H2O 
isomer (4) of C4H8O3 -2.77 -2.02 
isomer (a) of C4H10O4 -2.83 -0.11 
C4H8O5 -2.26 -1.10 
C4H10O6 0.55 -0.49 
 
Because the humidity dependence in CF3O
– measurements is significant,5 we also calculated 
the energies of hydrated C4H8O3(CF3O
–) clusters of isomers (1), (2), (3) and (5), with up to three 
water molecules. Especially when measuring small sample molecules (for instance H2O2
5) the 
water molecules in the hydrated reagent ion can help stabilize the forming cluster by removing 
excess energy. In other words, the ligand exchange reaction is less exothermic than the clustering 
reaction with a dry reagent ion. Comparing the free energies of adding the sample molecule to 
either a dry or a hydrated CF3O
– (in Table 4) shows that the formation free energy is the lowest 
for the dry reagent ion and higher for the hydrated reagent ions. However, the formation of the 
hydrated cluster is still favorable for all of the calculated isomers and the binding of the water 
molecules is much weaker than the binding of the sample molecule to the cluster. If the hydrated 
cluster fragments in the instrument, the water molecules are thus more likely to evaporate from 
the cluster before the sample molecule. Of the different isomers, the decrease in the formation 
energy (i.e. the difference between C4H8O3 + CF3O
– and C4H8O3 + (H2O)n(CF3O
–), for n = 1, 2 
and 3) is the smallest for isomer (5) and largest for isomer (1). It is thus possible that the 
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humidity dependence differs between isomers, even when the isomers have the same hydrogen 
bonding functional groups. 
Table 4. The Formation Free Energies of Hydrated C4H8O3(CF3O
–) Clusters in kcal/mol, 
Calculated at the DLPNO-CCSD(T)/def2-QZVPP//ωB97xD/aug-cc-pVTZ Level of Theory 
 
C4H8O3 + CF3O
–  C4H8O3 + 
(H2O)(CF3O
–) 
C4H8O3 + 
(H2O)2(CF3O
–) 
C4H8O3 + 
(H2O)3(CF3O
–) 
isomer (1) -17.17 -11.11 -8.59 -7.74 
isomer (2) -18.08 -13.09 -10.21 -8.65 
isomer (3) -15.58 -10.71 -7.43 -7.90 
isomer (5) -16.06 -12.88 -8.51 -10.45 
 
For the monoatomic reagent ions, the binding of the Br– clusters is on average 5 kcal/mol 
stronger than that of the I– clusters (see Table S4). For the trihydrate, the formation free energy 
difference (from the anion and three water molecules) between Br– and I– exceeds 5 kcal/mol. If 
the relative humidity in the chemical ionization is high enough to form reagent ion hydrates with 
more than three waters, the detection efficiency in I– measurements might thus be higher than the 
detection efficiency in Br– measurements. 
DEPROTONATION AND FLUORIDE TRANSFER 
To investigate the deprotonation and fluoride transfer reactions, we calculated the energies of 
the deprotonation reactions with acetate, RH + CH3C(O)O
– → CH3C(O)OH + R
– (R4), and the 
fluoride transfer reactions, RH + CF3O
– → CF2O + RH(F
–) (R6) (see Table S4 for the energies). 
Comparing the deprotonation energies of the sample molecules shows that deprotonation (i.e. the 
gas-phase acidity) does not only depend on the number of oxygen atoms in the sample molecule 
(RH), but also on the ability of the deprotonated sample molecule (R–) to form intramolecular 
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hydrogen bonds. For instance, two of the C4H8O3 isomers (isomers (3) and (4) in Figure 2) have 
steric strain preventing the negatively charged oxygen of C4H7O3
– from forming a hydrogen 
bond with the remaining hydrogen bonding functional group. From the butadiene oxidation 
products, only the ones that are able to form at least two intramolecular hydrogen bonds have a 
favorable deprotonation reaction with acetate. However, the deprotonation reaction goes through 
the ion-molecule cluster, and the energy difference between the cluster and the deprotonation 
products is high (>20 kcal/mol) for most of the products, making the deprotonation unlikely. One 
exception is the nitrophenol, which has the most favorable deprotonation reaction of the sample 
molecules studied here even though it cannot form any intramolecular hydrogen bonds. For the 
nitrophenol, the energy of CH3C(O)OH + R
– is only 9.36 kcal/mol above the ion-molecule 
cluster. In acetate measurements, nitrophenol has been measured as a deprotonation product with 
a very high sensitivity, which can be expected because of its high gas-phase acidity relative to 
acetic acid.60 
Figure 8 shows the enthalpies of the clustering, fluoride transfer and deprotonation reactions 
with CF3O
– of the nitrophenol and one of the C4H8O3 isomers (isomer (5)), as an example. In 
terms of the free energies, the fluoride transfer reaction is favorable for most of the molecules 
studied here, with the only exception being nitrobutanol, for which the reaction is unfavorable by 
2.76 kcal/mol. Unlike the deprotonation reaction, the reaction path of the fluoride transfer does 
not necessarily go through the lowest-energy ion-molecule cluster of CF3O
–, but a less favorable 
cluster conformer where at least one of the fluorine atoms of CF3O
– is binding with the hydrogen 
bonding groups of the sample molecule (marked with § in Figure 8). No saddle point was found 
between the higher energy CF3O
– cluster and the fluoride transfer products CF2O + RH(F
–). 
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Figure 8. The enthalpies of the stationary points in the fluoride transfer reactions of two of the 
sample molecules calculated at the DLPNO-CCSD(T)/def2-QZVPP//ωB97xD/aug-cc-pVTZ 
level of theory, at 298.15 K and 1 atm reference pressure. §The higher free energy CF3O
– cluster 
along the fluoride transfer reaction coordinate. Color coding of the atoms: gray = carbon, red = 
oxygen, white = hydrogen, blue = nitrogen, green = fluorine.  
With nitrophenol, the transferred fluoride forms a HF(R–) cluster, and the fragmentation of this 
cluster into HF + R– is only 13.46 kcal/mol above the free energy of the HF(R–) cluster and 4.09 
kcal/mol below the free energy of RH + CF3O
–. It could thus be possible to detect some sample 
molecules also as deprotonation products also using CF3O
– chemical ionization. For the other 
sample molecules, the free energy needed to fragment the RH(F–) clusters into HF + R– is higher 
(16.44 kcal for C4H8O5, 18.06 kcal/mol for C4H10O6 and > 20 kcal/mol for the other sample 
molecules). 
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CONCLUSIONS  
We found that the binding of CIMS reagent anions to different organic sample molecules 
originating from the oxidation of butadiene depends primarily on the number of oxygen atoms in 
the sample molecule, at least when the hydrogen bonding groups of the sample molecule are 
hydroxy or hydroperoxy functional groups, and when the sample molecule is able to form at least 
two hydrogen bonds to the reagent ion. In the lowest free energy conformers of the ion-molecule 
clusters studied here, the reagent ions always form precisely two hydrogen bonds with the 
sample molecule, which explains why the number of hydrogen bond donating functional groups 
in the sample molecules is not in itself significant as long as it is equal to or greater than two. 
However, the addition of oxygen atoms to the sample molecule polarizes the functional groups 
that are binding with the reagent ion, making the hydrogen bonds stronger. The variation 
between binding strengths to a certain reagent ion of structural isomers or stereoisomers with the 
same elemental composition is slightly less than the effect of one additional oxygen atom. If 
these results apply also to larger highly oxidized multifunctional organic compounds in the 
atmosphere, the interpretation of CIMS measurements can be greatly simplified: the detection 
efficiency (for a certain reagent ion) can then be assumed to depend primarily on the number of 
oxygen atoms, with the precise chemical structure (e.g. the number and location of hydrogen-
bonding functional groups beyond a minimum of two) playing a lesser role. However, 
quantitatively accurate predictions of detection efficiencies in the thermodynamic regime are not 
possible yet due to the uncertainties in the calculations, as can be seen from the differences in the 
measured33 and predicted30 sensitivities of several oxidized organic compounds.  
A previous study modeling the sensitivity of an iodide CIMS found that sample molecules that 
were measured at the maximum sensitivity for the specific CIMS instrument (19-22 cps/pptv27) 
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have binding enthalpies to iodide higher than about 25 kcal/mol.27,30 Of the sample molecules 
studied here, only isomer (b) of C4H10O4, C4H8O5, C4H10O6 and nitrophenol have binding 
enthalpies with iodide higher than 25 kcal/mol, which means that they could be detected at the 
maximum sensitivity. The binding enthalpies of the other sample molecules to I– vary from 19 
kcal/mol of glucic acid to 24 kcal/mol of isomer (2) of C4H8O3. 
Nitrate, acetate and lactate can form stable reagent ion dimers, which means that the chemical 
ionization happens mainly via a ligand exchange reaction. Using these three reagent ions, the 
binding of the reagent ion to the sample molecule needs to be stronger than to nitric, acetic and 
lactic acid, respectively, to obtain a significant signal of the target molecule. For the reagent ions 
that do not form dimers, the ligand exchange can happen between the sample molecule and a 
reagent ion hydrate. For all of the sample molecules studied here, the calculated ligand exchange 
reaction with the reagent ion hydrates is favorable at least up to a trihydrate. The humidity 
dependence is likely higher for target molecules that form less stable clusters with the reagent 
ions. The humidity dependence may also vary more with the exact chemical structure of the 
target molecule than the binding to the unhydrated reagent ion. The formation free energies of 
the reagent ion dimer monohydrates are much higher than the formation free energies of the 
reagent ion monomer monohydrates, especially for nitrate and lactate. This means that there is a 
trade-off between the strongly binding reagent ion dimers of nitrate, lactate and acetate (leading 
to lower detection efficiencies) and reagent ion hydrate formation (leading to a stronger humidity 
dependence). 
Comparing nitrate, acetate and lactate, the binding is the strongest with acetate and the weakest 
with nitrate, with lactate in between. Also the binding strength of the lactic acid–lactate dimer is 
between that of the reagent ion dimers of nitrate and acetate. The detection efficiency with 
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lactate should thus be between the detection efficiencies of nitrate and acetate. These conclusions 
agree with the nitrate, acetate and lactate chemical ionization measurements of isoprene 
oxidation products.3 
Some reagent ions are selective toward specific groups of molecules due to chemical reactions 
such as deprotonation or fluoride transfer. For instance, acetate is able to deprotonate molecules 
that are more acidic than acetic acid. However, for almost all of the sample molecules studied 
here, deprotonation by acetate is not favorable. In addition, CF3O
– is able to ionize some sample 
molecules through fluoride transfer. This reaction is possible for most of the sample molecules 
studied here. Nevertheless, the formation of the RH(CF3O
–) cluster is always more favorable 
than the fluoride transfer. Based on our calculations, CF3C(O)O
– could be used in chemical 
ionization measurements of oxidized organic compounds with sensitivities similar to CF3O
–, but 
without interference from fluoride transfer reactions. Comparing the two monoatomic reagent 
ions, Br– and I–, shows that at low humidities, Br– could have a higher sensitivity than I– 
measuring oxidized organic compounds but at higher humidities the sensitivities of Br– and I– are 
likely to be similar. 
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